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ABSTRACT 

An experimental technique for studying the nature 
of enhancement in heat transfer due. to a moving spherical 
particle through a thermal boundary layer has been developed. 
A constant temperature film-sensor -heater and a mechanism 
for movement of a particie embedded with a thermocouple at 
a constant distance from the wall have been developed for 
this study. The relative contributions of the particle and 
fluid convective transfer have been determined at different 
particle to wall distances in air and water using this 
setup. This technique can be applied for understanding the 
mechanism of heat transfer in gas and liquid fluidized beds. 
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CHAPTER - 1 
INTRODUCTION 

The understanding of the effect of motion of a 
spherical particle through a thermal boundary layer formed 
due to fluid flow over a heated flat plate is of great impor- 
tance for furnishing a framework for studies on the mechanism 
of wall to bed heat transfer in fluidized beds, sluriy 
reactors and enhanced heat transfer due to turbulent promoters. 

The wall to bed convective heat transfer in fluidized 
beds is generally considered to take place through two parallel 
modes, namely the particle convective transfer and the fluid 
convective transfer. In the former mode of transfer it is 
assumed that a particle arrives at the transfer surface from 
the core and picks up thermal energy from the surrounding 
fluid and then returns to the bed where it loses its thermal 
energy. In the latter mode of transfer, however, heat transfer 
is assumed to take place through a reduced thermal boundary 
layer (due to scouring by the particle) adjacent to the 
transfer surface, 

Very few experimental investigations have been reported 
on the relative contributions of the particle and fluid 
convective transfer toward the total convective heat transfer 
in fluidized beds. 
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A brief summary of the literature is presented below: 

Heat transfer from wall to bed has been reviewed by Leva [10] 
Zenz and Othmer ^ 24 ] , Zabrodsky [ 23 ] , Kunii and Levenspiel 
1-9 3, Gelprin and Einstein [6 ] , Botterill [3 ], Gutfinger 
and Abuaf [7 ], Saxena et al [l 7 ] and recently by Saxena and 
Gabor Cl8 1 . 

Mickley and Eairbahks [12] proposed a model 
similar to the well known surface renewal model in which they 
assumed a packet of particles would arrive at the wall and 
pick up energy by unsteady heat conduction and return to the 
bed. This model has been extensively refined by other workers. 

In these models it has been generally presumed that the 
fluid convective transfer is negligible. 

Zeigler et al [25 ] studied simultaneous heat and mass 

transfer rate from a wet celite sphere. Using the heat and 

mass transfer analogy they showed that the fluid convective 

transfer is negligible ( 5-1 0% ). Baskakov and Suprun [ 2 ] also 

used heat and mass transfer analogy in their study on mass 

transfer from a naphthalene cylinder and showed that the 

relative contribution of the fluid convection transfer 

increases from 10% to 90 % as the particle diameter increases 

from 1 mm. to 4 mm. Zabrodsky et al [ 22 ] stressed the need to 

consider the depence of gas convective term on fluid velocity and 

0 2 

assumed it to be proportional to U * where U is the superficial 
gas velocity. 
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Rao [ 14 ] has shown, the possibility of estimating heat ' 
transfer in the fluidized bed conditions from a knowledge of 
the role of a moving particle through thermal boundary layer 
and the particle number density fluctuations near the transfer 
surface. Subramanian et al [l9 ] experimentally investigated 
the role of a single particle near heated flat plate and 
computed the particle pickup, but fluid convective term could 
not be determined in their method. 

Washmund and Smith [2l] in their experimental study 
showed that heat transport by particle convection is in- 
significant in liquid fluidized beds except possibly at low 
porosities . 

As the fluidized bed combustors, in which particles 
greater than 1 mm. are used came into prominance, a few 
attempts were made to model this mode of transfer. Based on 
the boundary layer analysis within interstitial channels 
adjacent to wall Adams and Welty [l ] proposed a method to 
estimate the gas convective component in gas fluidized beds. 
G-anzha et al [ 5 ] estimated gas convective component by 
considering that the turbulent boundary layer is disrupted 
at the front half of the particle and is reformed within the 
wake. In the beds where fluid convective transfer is significant 
the bed behaviour is particulate in nature. Thus, in modelling 
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the fluid convective transfer tine effect of a single particle 
is to he considered. To understand the nature of disturbance 
created, by a single particle experimental studies are 'warran- 
ted, Such studies are not available in literature. 

The objective of the present work was to develop an 
experimental technique for determination of the nature of 
enhancement in fluid convective transfer and evaluation of the 
relative fractions of the particle and fluid convective transfer 
toward the total heat transfer as a sphere moved through a 
thermal boundary layer. 'The experimental apparatus developed for 
this work consisted of a. platinum film sensor cum heater which 
could be kept at a constant temperature by means of a negative 
feedback controller and a spherical particle embedded with 
thermocouple. The particle convective term and the fluid 
convective term were determined from the responses of the 
thermocouple and the controller. 

Chapter 2 of this thesis presents the experimental 
technique developed for measurement of particle and fluid 
convective transfer, fabrication of instruments, calibration 
and experimental procedure. 

Chapter 3 presents the experimental results and 
discussion of results. 

Chapter 4 presents the conclusion of the present work 
and suggessions for future work. 
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CHAPTER - 2 

EXPERIMENTAL TECHNIQUE AND SETUP 

2.1 . General 

The design of the constant temperature film-sensor- 
heater is based on the following proposed mechanism: 


Heat ed 
plate at 
temp. T 



u Heated ^ 
plate at""'’ 
temp. T 

Particle 


(a) 



Particle 

T = Mean temp, of 

the fluid within 
the thermal 


boundary layer 
T, = Bulk temp, of 
the fluid. 

Pig. 2.1. Reduction of thermal boundary 

layer thickness due to scouring 
by the particle. 



Consider a heated flat plate at temperature T in a fluid 
medium. At steady state the thermal boundary layer will deve- 
lop near the surface as shown in figure 2.1(a). Whenever a 
particle sweeps past the surface through the thermal boundary 
layer it takes away some energy along with the drifted fluid. 
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In addition to this, the movement of the particle enhances 
the heat transfer rate from the surface to the surrounding 
fluids as the particle scours the thermal layer [figure 2.1(h)]* 
As a consequense, the surface temperature decreases. If, "by 

some means, the temperature of the surface can he maintained 

1h i 

constant despite -Ate variation in heat transfer rate hy 

supplying additional energy which the surface loses during 

transient period, then this extra energy supplied will he a 

measure of the enhanced heat loss from the surface. In other 

words, the amount of energy supplied, Q^, to the plate during 

entire transient period will he equal to the amount of energy 

picked up hy the particle, Q^, plus the amount of energy 

transferred to the fluid hy convection, Q^> c * The terms 

and Q„ are also known as the particle convective term and 
ic 

the fluid convective term respectively. 

Thus , 

«t = V Q f= < 2 * 1) 

In the actual experiment, an electrically heated metal film 
sensor (on a suitable substrate) with an arrangement for 
keeping it at a constant temperature hy means of an electronic 
controller served the purpose of a heated flat plate and a 
spherical copper head with embedded copper-constant$n 
thermocouple in it served the purpose of a particle. As the 
metal film acts as a resistance temperature transducer as 
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well as a heater, this has, henceforth, "been referred to 
as film-sensor-heater (PSH) . 

2.2, An expression for evaluation of 

Whenever current is passed through a metal film deposited 
on a substrate, its temperature increases due to the 
JcuLean heating and depending upon the temperature co- 
efficient of resistance (ICR) its resistance also 
increases. Por a steady power supply the film temperature 
quickly attains a steady state value because of its 
negligible mass. 

When the particle sweeps past the hot PSH, the one 
dimensional unsteady state energy balance equation for 
the film in absence of radiation may be written as 

dt „ 

Qg(t) = Q c (t) + Q fc (t) + mCp ^ (2.2) 

where 

' * 

Q = rate of heat generation within the film 

§ 

Q = rate of heat loss by convection 
c 

Q k = rate of heat loss by conduction (to the substrat 

m = mass of the film material 

C = specific heat of the film material 

■ Jr 

dt.p 

-*x=- = time rate of change of film temperature 
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The last tern in R.H.S. of equation 2.2 is the accumu- 
lation term within the resistive material (netal film). 

If the filn is maintained at a constant moan temperature 
independent of its heat transfer variation rate, 

then, ^f _ 

dt ~ ' J * 

Elemination of accumulation term is equivalent to 
making the time constant of the FSH zero [16 ] . In other 
words the FSH can respond instantaneously to fluctuations 
in heat transfer. In addition to the constant film 
temperature if the thermal penetration depth is also 

small compared to the substrate thickness then the term 

* 

may he assumed to he constant with respect to time. 
Hence equation 2.2 reduces to: 

Q_(t ) = Q (t ) + Q (2.3) 

g C K 

Therefore, any change in Q (t) will he reflected in 

c 

Q (t). On the otherhand, the one dimensional steady state 
S 

energy balance equation for the film is: 

Q g (s) = Q c (s) + (2.4) 

The extra amount of heat generated during the entire 
transient process can he found hy subtracting equation 
2.4 from equation 2.3 and integrating the resultant 
expression with respect to time over the transient 

\ 

\ 
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period, t 


Thus , 


[ Q g (t) 


- Q (s) ] at = / [Q (t) - Q (s) ] at (2.5) 


The L.H.S, of equation 2.5 represents the additional 
energy supplied (generated through increased power 
supply) to the PSH for keeping its temperature at a 
constant level while the R.H.S. represents the total 
amount of improved heat convected due to the particle 
movement. Combining equations 2.1 and 2.5 the following 
expression is obtained ; 

A 

Q. = /[ Q(t) - Q(s) Idt = Q + Q- (2.6) 

t / § S p xc 

^ /P • - 


[Che quantity / [ Q (t) - Q (s)l dt can be computed 

y 0 s s 

directly from the response of the PSH. 


2.3 PSH Construction technique 


Size of PSH ; 

As the effect of particle on a flat surface is restricted 
to within one diameter of its size on both sides of its 
central position [ 20 ] the horizontal dimension (length) 
of the heater surface has to be 3d plus allowances for 
leajdwire connections, where d is the particle diameter. 
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For vertical dimension (width), however, no precise 
norm can be given. If the width is too large the effect 
due to particle movement will be masked, leading to a 
large error in Q^. On the other hand a small width will 
be inadequate to form an appreciably thick thermal boun- 
dary layer. Based on these considerations a width of 
0.5 cm and a length of 2.65 cm were chosen for the PSH. 

Film material and fabrication » 

In theory any material could be used for the pre- 
paration of film-sensor-heater. In practice, however, the 
choice is limited to a very few metals like Ft, Au and Ag 
due to the nonavailabilitj 7 - of convenient means of making 
films and nonlinearity in ICR [l6,4 ] . Platinum was used 
as the film material for this sensor and firing technique 
for film making was adopted instead of evaporation 
technique because of the practical difficulties. 

A liquid platinum paint (liquid bright platinum 
05 - x containing platinic chloride and flux dissolved 
in oil vehicle [l 6] ) was coated on a roughened pyrex 
glass substrate of 2.65 cm x 0.5 cm x 0.25 cm. Hie 
roughening of the substrate was done with SiO paste 
before coating the paint. The coated substrate was then 
fired to a temperature of 530 + 10°C in a ventilated tube 
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furnace followed by a slow cooling to room temperature. 

In the firing process the platinic chloride was reduced 
to pure netal and was fused to the substrate. Although, 
the exact chemical nature of the resultant fusion is 
not clearly known, the film retains the sane TCR of 
platinum metal [ill . The resistance of the film was 
controlled by the thickness and size of the film layer. 
The thickness was controlled by the number of coats of 
film paint that were fired. Before each firing cycle 
the resistance of the film was checked. The films made 
in this way were found to be stable with reproducible 
resistances. 

In making the RSH a trial and error method was 
adopted for selecting the best match among available 
substrates, surface preperation technique, temperature 
and firing technique for this particular paint. 

Among the various substrates tried (Alumina, 
ordinary borosilicate glass, pyrex glass) pyrex was found 
to be the best substrate for Q5-x platinum paint. The 
painted film adhered best on a less highly polished 
surface, this mostly was due to the stress in the film on 
cooling and unequal expansion of the metal film and glass. 
Heating in a ventilated as well as closed furnace was 
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tried. Inadequate ventilation produced fragile films. 

A temperature range of 400°C to 650°C was used. Below 
400 °C the film adherence was poor and above 580°C the glass 
substrate was softened. A high rate of heating produced 
unstable fragile films. A moderate heating rate (530 + 10 or 
should reach within 2| to 3 hours) was found to be 
satisfactory. 

Heat treatment 

The film-sens or -heaters electrical characteristics 
were then stabilized by heating them to a temperature of 
530 + 10°C and maintaining that temperature for about 
4 hours. Two such cycles were repeated for each sensor. 

The annealing effect of the firing cycle stabilized the 
resistance temperature characteristics [l3l. The resis- 
tances of the prepared film-sensor-heaters were checked 
frequently at 2-3 days interval after mounting them on 
the perspex walls. They were heated by passing current 
(0,01 - 1 amp) through them and were allowed to be cooled 
and the resistances were then checked again. After 2-3 
cycles, the resistances were found to be stable and 
reproducible. The range of resistances were from 25 ohms 
to 40 ohms for different sensors. 
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Mounting and lead wire connections 

The FSH -was flush mounted on to a perspex wall 
(18.5 cm x 12.5 cm x 0.5 cm). The slot on the wall was 
made slightly higger and a thin fibre glass insulation was 
applied on the inner surfaces of the slot as shown in 
figure 2.2. The sensor was then tight fitted into the 
slot and was fixed by applying quickfix from the backside. 

A special solder and flux combination \tfas employed 
for soldering the lead wires on the film and glass 
substrate. After soldering the lead wires silver paste 
was applied on to it and allowed to be dried. 

This method of fixing minimised the contact resis- 
tance to almost zero value. The connecting points were 
then coated with an epoxy resin. The details are shown 
in figure 2.5. 



Fig. 2.5. lead wire connections for the FSH 
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An approximate composition of the solder and flux employed 


are 

given below? 





Solder 



Flux 

In 

- 

80-82% 

Znclg 

- 3 parts by weigh 

PI b 

- 

8 - 10% 

KE^Cl 

- 1 part by weight 

Sn 

- 

7 - 8% 



Bi 

— 

2-3% 




The flux was prepared hy adding suitable quantity of water, 
A low temperature was used during soldering (120-1407 was 
applied to a 10W, 2507 iron). 

The lead wires were then connected to the electronic 
controller described in section 2.4. 

2 .4 The electronic controller 

The primary function of the electronic control circuit 
shown in figure 2.4 is to maintain the FSH at a constant 
temperature. The FSH is, therefore, placed as one arm of 
a Wheatstone bridge which has a provision for adjusting 
the temperature of the sensor heater for bridge balance 
by means of a tenturn potentiometer (R-pQ^ in figure 2.4). 

As the temperature of the sensor heater would depend on 
the bridge excitation voltage, 7e, this voltage is made 
to depend in an appropriate fashion on the bridge un- 
balance voltage (7, - 7 ) through a differential input 
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amplifier so as to constitute an overall negative feed- 
back leading to a zero unbalanced voltage and hence a 
constant temperature of the sensor heater. 

Obviously, a certain magnitude of this bridge ex- 
citation voltage has to be maintained even •when V = V, 

3- D 

and this is achieved through proper biasing of the 
transistor difference amplifier (consisting of two BC 
147A transistors) following the differential input ope- 
rational amplifier (op amp) stage. A dc power amplifier 
consisting of a driver transistor (SI 100) and a power 
transistor (2F 3055) makes the amplifier capable of 
driving the bridge with necessary amount of power, even 
when the BSE is immersed in water. The amplifier gains are 
kept at such a level that the stability of the controller 
is ensured while enough sensitivity is retained at the 
same time. 

An analysis of the circuit relevant to this experi- 
ment is presented here with two fold objectives, namely 

i) To obtain an expression for the transient power input 
to the FSH in terms of some accurately measurable 
variable. 

ii) To identify a variable for providing an indication 
for the transient change in temperature S3?. This is 



necessary to ensure, on the "basis of experimental data, 
that ST is indeed negligible. 

.5 Analysis of the electronic circuit 

(A) An expression for power input interms of a measurable 
variable « 

Ve — Vco 



Fig. 2.5. Block diagram of controller circuit 

Consider the block diagram of the circuit shown in 
figure 2.5. 

At any time, the op amp output voltage, V Q » may be re- 
presented by the equations 

V o = A 1 ( VV (2.5-1) 

and the bridge excitation voltage, V Q > by the equations 
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■where 




= "bridge output voltages 
= voltage gain of the op amp stage 
= voltage gain of the differential amplifier 
stage 

= bridge excitation voltage under steady 

state condition with 7„ = V, and hence 

a b 



As R^ , ax0 fixed resistances and R g ( = Rpoi + ^ 4 ) f s fixed 
for a given sotting of temperature, 7 can be expressed as a 

cl 

fraction of 7 g by the expression • 


7 = k7 (2.5-3) 

a e 

where k is a constant chosen on the basis of bridge sensitivity 
consideration. (A typical value of k is 0.5 ) 

El emulation of V from equations 2.5-1 and 2.5-3 gives: 

2L 


7 b = < w e + 17 > (2 - 5 ' 4) 

If R 2 is the resistance in series with the ESH, then, power 
drawn, P g , by the ESH is: 

u ) ■ 

5 e = -RT* \ 


Substitution of the value of 7^ from equation 2.5-4 in the 
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above expression of P end subsequent rearrangement yields : 


p = 
e 


k(1-k) V* k( 1-k) Y q V q 


R, 


A 1 R 2 


T o 

■^ 1^2 


(2.5-5) 


{ Y_ t 


Since \ t — 
A i \ 


<C<C. 1, equation 2.5-5 may be approximated as • 


k(l-k) 

(J 

“ir~~ 


(2.5-6) 


Substitution for V from equation 2.5-2 in equation 2.5-6 


leads to ?+ 


•D- = k(l-k) Ar 

A e R 0 


(Y + A 0 Y ) 
eo 2 o 


(2.5-7) 


Neglecting the higher order terms in equation 2.5-7 and 
on rearranging an expression of the following form is obtained: 


/ 2A 0 Y k \ 

p - ( JL- . e 9.. y + p 

e V R / o + eo 


(2.5-8) 


where P 


eo 


. ^•(i r ^ r J , i.e. the steady state power input to 


the PSH, 

and R = resistance of the PSH at steady state. 

P 

Thus, we are able to express the transient power input 
interms of output voltage from the op amp stage which can be 
measured accurately. She 'advantage of measuring op amp output 
voltage is two fold : 
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a) The number of measurable variables reduces to a single 

one, as the transient power input which we are interested 
in, can be expressed in terms of op amp output voltage V 0 * 


b) The maximum sensitivity of the measuring instrument can be 
exploited as Y q starts from zero. 

The power input P , as can be seen from the equation 2.5-8, is 
a linear function of V and hence a plot for calibration of 
power against Y q was prepared. The calibration procedure is 
described in section 2.6 and the results are presented in 
Chapter 3. 


(B) Identification of a variable for the temperature change 
indication; 

Under steady state condition with Y = Y. and hence Y= 0 
• a b o 

the bridge would be balanced. 

Therefore, V = Y 

. e eo 

R 

and = k (2.5 - 9) 

2 P 


If the PSH resistance changes by a small amount &R due 

ir 

to temperature drop of its surface during the transient 
period accompanied by a change in the bridge excitation 
voltage from Y qo to Y Qt then 7 Q can be expressed as; 


Y = 


o 



/R - 6R 

( -2 E 

\ R + P<->“ 

\ p 2 




(2.5-10; 
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Substitution, of k from equation 2.5-9 in equation 2.5-10 gives 

Rn 


- A 1 


R - 6r x 

P 1-2 I y - — — — Y 

0 E 2 +E p “ 


r -r 2 ss 

h r 1 T ° 


(2.5-11) 


jince &R <C<C Rp+R » equation 2.5-11 can be simplified as 
J: ■ 


y » a_ 

1 H P *P \W 


Y. 


Making use of equation 2.5-9 the above expression can be 
written as 

Y q = -A.jO-kJk 2 V e 5R p 


R 


P 


6R 


As — is proportional to 6T for a PSH; 

P 

Y q = - A^l-k) k 2 Y e 6T 

Thus, a voltage change proportional to a change in temperature 
^ I is obtainable at the output of the op amp stage. Strictly- 
speaking Y q is not exactly proportional to &T because of the 
dependence of on Y q as given in equation 2.5-2. However, 
if Y q <^Y' /A 2 j then Y is proportional to $T to a reasonable 
degree of approximation. This approach is justified because 
the ultimate use of the transient Y q produced due to a cooling 
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of the PSH is to establish the original premise that the 
PSH is being maintained at a constant mean temperature by 
negative feedback. 

To verify that the change in the PSH temperature ST is 
indeed negligible in comparison to the temperature gradient, 

AT, responsible for heat transfer, one would simply have to 
measure Y with the feedback removed. In the preliminary stage 
of this experiment this was done merely by changing the posi- 
tion of the switch to position 2 (figure 2.4) so that Y q = Y qq 
and visually noting the responses in an oscilloscope. 

2.6 Calibration procedure 

The circuit was connected to a regulated dc power supply, 
a tecktronix 547 -oscilloscope and a HP data acquisition 
system as shown in figure 2.4. The power supply was switched 
on and its voltage was slowly raised to 15V. The op amp 
output voltage was continuously monitored with the 
oscilloscope. With the heating of the PSH the oscilloscope 
beam started shifting from its initial zero setting. When 
the heater' attained a steady state (within a. few minutes) 
the bridge was balanced (i.e. oscilloscope reading was 
brought to zero setting) by adjusting the tertum 
potentiometer (Rp 0 p in figure 2.4) of the bridge. Under 
this condition, the feedback loop was closed by changing 
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the position of the switch to 1 (figure 2,4). 

In the closed loop condition; the steady state values of 

V V » V , V, and Y ~ Y -h ' were measured with the data acquisition 
sjrstem. Once these values were obtained, slight unbalance in the 
bridge was created by adjusting the bridge potentiometer (PpQp) 
and steady state was again allowed to be reached. The feed back 
loop being closed, the bridge balance was restored quickly. 
However, in accordance with the proportional controller charac- 
teristic, Y q was different from zero due to this adjustment 
even after the attainment of steady state (off-set). At this 

stage the values of V , V , V , V, and V - V, were again 

o ’ e a b eb 

measured. This procedure was repeated for different 
settings and for each setting the steady state values of Y Q , 

Y , Y , V, and V - V, were measured. One set of reading is 
tabulated in table 3.1. Power was computed from equation 2.5-6 
for different Y q values. The least square fit of power vs Y Q is 
shown in figure 3.1. The experimental points are also shown on 
the same figure. The validity of this plot was verified both 

in air and water. 

2.7 Pabrication of thermocouple embedded particle 

jU 

The particle convective term Q was measured by means of a 

■ , ir 

specially prepared moving cu-constantan thermocouple attached 
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to a copper bead. The copper bead served the purpose of 
a particle for disturbing the thermal boundary layer near 
the TSH and a. thermocouple function as "well. 

The first phase of preperation of thermocouple junction 
was the preperation of copper bead. As copper beads are not 
available they "were prepared with the help of specially 
designed dies. Hammering technique was employed for pre- 
paring the copper beads of different sizes (0.25 mm., 0.35 mm, 
0.65 mm). Surface irregularities were removed by rolling them 
in a. small ball mill. After preparing the beads a through-and- 
through hole was made in each bead using 0.69 mm drill -bit 
on a precision lathe. 

The thermocouple junction was formed by loop connection 
of a copper and a constant&n wire of a cu-constantan 
thermocouple wire pair (TT-T 30, 30 gage, Omega make) and 
then soldering it (with ordinary solder) as shown in figure 
2.6-a and 2.6-b. The copper bead (0.35 mm) was then heated 
with soldering iron and in hot condition one end of the 
thermocouple wire (constantan) was inserted into the hole 
of the bead and it was pulled until the soldered junction 
was nearly in the centre of the bead (figure 2.6-c). When 
the bead was cooled the solder firmly held the bead and the 
thermocouple wires inside the hole of the bead. In this 




j* 52 — *j 

Fig. 2-6 Details of pully stand assemly and thermocouple junction 
(All dimension are in mm, not to the scale) 

l) Synchronous .motor 2) Pulley 

3) Extended arm with small pulley 4) Knot 

, 5) Hastic thread 6) lead wire connection poii 

(cu-constantan junction t 
as cold junction) 

7) lead wire connection point-2 8) Copper head 
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process the copper head itself was turned into a junction 
of the cu-constantan thermocouple. This junction was used 
as the hot junction. The thermocouple was then mounted on 
a, removable pulley stand (material of construction was 
perspex)' containing reversible synchronous motor as shown 
in figure 2.6-d. Other two ends of the thermocouple wires 
were connected to a plastic thread. The tension in the wires 
could be controlled by adjusting the knot of the plastic 
thread. Very fine and flexible copper wires were used as 
lead wires for this thermocouple. The thermocouple wire 
length and the lead wire connection points were so chosen 
that the cold junction never crossed the points A and A' 
shown in figure 2.6-d. 

2.8 Experimental setup 

The details of the experimental setup are shown 'in figure 
2.7 and 2.8. 

The flush mounted FSH was securely held inside a 5 litre 
beaker by means of clamps supported on stands (clamps and 
stands are not shown in figure). The details of connections 
are shown in figure 2.4 and 2.8. 

The pulley stand assembly containing moving thermocouple 
was fitted on a removable X-T bench which itself was screw 





t ■ H — 100 


1 5 Base plate 

2) levelling platform 

3) Vertical support wall 

4) X-Y bench 

5) Pulley stand assembly 

6) 5 -litre beaker 

7) levelling screw 
8 1 ) Perspex wall 

9) lop platform 
10) Bilm-Sensor-Heater 


Elevation 


AM dimension are in rnm 
.(Not to the sce'e ) 


F»y. 2.7 Film sensor heater with pully stand as 


► til ! [ ' i 



Fig. 2 . 8 Schematic diagram of experimental set-up 
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mounted on the support. The head attached to the thermo- 
couple could he positioned at any distance away from the 
wall hy adjusting two micrometers of the X-Y bench and the 
distance between head and the wall could he measured from 
the micrometer readings. The lead wires of the moving 
thermocouple were connected to an Omegaline strip chart 
recorder. All measuring instruments were properly grounded 
to keep the noise at a minimum level. Connections to the 
data acquisition system were made with low noise shielded 
wires. 

2 . 9 Experimental Brocedure 

Initially the bridge was balanced as described in 
calibration procedure in section 2.6. After the steady state 
was attained the data acquisition system and the strip chart 
recorder was turned on. The copper bead (hot junction) was 
brought in front of the hot ESH by turiing on the synchronous 
motor and then turning it off when the bead reached the 
centre line of the ESH. The bead was slowly brought near 
the centre of the heater surface by adjusting the micrometers 
of the X-Y bench. As soon as the bead touched the heater 
surface an abrupt change in the oscilloscope display was 
observed. When the bead made a contact with the ESH the 
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micrometer reading was taken to be zero. Then the X micrometer 
was readjusted to set the desired bead to wall (PSH) distance. 
Once the distance adjustment was over the motor was turned 
on and the ball was brought to the bottom position of the 
perspex wall where the temperature was equal to the bulk 
fluid temperature. The whole setup was then allowed to be 
reached the steady state (checked from recorder response and 
oscilloscope ) 

The recorder pen was adjusted to a chosen zero setting 
and it was switched on along with the reversible synchronous 
motor of the moving thermocouple assembly, luring its 
vertically upward sweep, as soon as the copper bead crossed 
a predetermined mark on the perspex wall the digital volt- 
meter (DIM) of the data acquisition system was triggered on 
for taking transient readings at its maximum sampling rate 
of 20 readings per second. 

The motor was switched off after the copper bead reached 
the upper predetermined mark on the perspex wall. The time 
required for the bead to cross these two predetermined marks 
on the wall was also noted by a stop-watch. This enabled us 
to calculate the velocity of the bead. The vertically upward 
motion was chosen to ensure that the initial bead tempera- 
ture was same as the bulk fluid temperature. 
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From the output of the data acquisition system was 
calculated and from recorder reading Q was computed. 

Jr 

Each set of experiments was repeated twice. Experiments 
were performed using one size of copper head (0.35 mm.) and 
at one steady temperature level of the ESH’hut at different 
distances from wall (ESH) in air and water as well. As the 
purity of the water was found to affect the experimental 
runs (short-circuiting thermocouple wire and ESH contact 
points) extra pure deionised water (resistance 10^ ohms) 
was used. A little oscillatory response was observed in 
water, henco average of the two readings were taken for 
water. All results are presented in Chapter 3. 
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CHAPTER - 3 

RESULT'S AND DISCUSSION 

3*1 Additional power input due to particle motion 

The transient output voltages of the op amp at 
different particle to wall (FSH) distances are presented in 
table 3*2 and table 3.3 for air and water respectively. 

Two typical results for air and water medium are also 
presented in the graphical form in figure 3.2 and figure 3*3 
in which the point when the bead gust came in front of the 
heater (entry point) and the point when it gust crossed the 
heater (exit point) are shown. 

A notable difference between the curves of the two 
systems is that the op amp output voltage V Q continues to 
increase in the negative direction even after the exit point 
and reaches a. maxima. In contrast to this, in air medium V Q 
starts to decrease (in the negative direction) just after 
the exit point. As Y Q is a measure of power input to the 
FSH it may be stated that power input continued to increase 
in water even after the exit point to reach a maxima while 
it decreased immediately after the exit point in air medium. 
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implies insignificant 




Fig. 3-2 Variation of op amp output voltage with 

time due to particle movement in air. 




Op amp output voltage, mV 



Fig. 3.3 Variation of op amp output voltage with time due 
to particle movement in water 
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The increase in power after the exit point in water 
medium was due to the inertial effect of water. Water being 
many times denser than air, the fluid drift behind the 
particle brought in larger amount of cold water from bulk 
compared to air which continued to take appreciable amount 
of energy away from the heater surface and hence the increase 
in power. 

The additional power input to the PSH was computed from 
the calibration chart given in figure 3.1. The variation of 
additional power input with time as a function of particle 
to wall (PSH) distance are shown in figure 3.4 and figure 3.5: 
for air and water respectively. 

As the volumetric heat capacity of water is large 
compared to air, heat removal from or near the heater surface 
is more in water even though the temperature difference 
between the heater and bulk fluid is higher in air. As it 
needs more power input to keep the PSH at constant temperatur 
the peak value of the power-time curve in water is always f 
higher than that in air* ,| 

The enhanced heat transfer term Q^. due to particle | 

motion was computedftom the area under the curves shown in | 
figure 3.4 and figure 3.5 for air and water mediums. 



Power 



Fig, 3.4 Additional power input with time due to 
particle movement in air 



SYSTEM : WATER 



Fig. 3-5 Additional power input with time due to particle movement in water 
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3 . 2 Mer^L^icked^ up by the particle. 0^ 

The energy picked up by the particle (Q ) as it sweeped 

ir 

past the heater surface was computed from the strip chart 
recorder trace. The standard emf to temperature conversion 
table for the cu-constantan thermocouple was used for compu- 
tation of temperature from the trace and the copper bead was 
assumed to be at uniform temperature throughout (i.e. no 
temperature gradient within the bead). The justification of 
this assumption is given below ' 

Whenever a sphere, initially at a uniform temperature, is 
exposed to an isothermal fluid at a different temperature 
for a short period of time, the temperature at any radial 
position of the sphere can be computed from the well known 

Heisler charts C 8 1 . For the copper bead (used in this study) 

-2 

the maximum Biot number in water medium is 1.3 x 10 
(calculations are shown in appendix 1 ) and the temperature 
difference between the centre and the surface is negligible 
even at a Fourier number of 0.183 which is l/50th of the 
time to cross over the hot surface. Hence the copper bead i 

may be considered to be at a uniform temperature. In the | 

actual situation, however, only a part of the bead surface 
is exposed, to a hotter region and the other part to a j 

colder region. as, shown in figure 3.2-1 (a). In view of the < 
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above discussion, even for this case it is considered that 
the temperature within the head is uniform at any instant 
of time. 


Exit point 






ate 

/ 

■’ / 

<D 

w 



.Higher Temp.regio: 
.x' 'Lower Temp, 
region / 

Cu head 


■Cu head 


iistancek3 --distance" 


^ N Entry point Temp. profile J Temp. profile 

without head with head 

(a) (h) 

Eig. 3.2-1. Modification of temperature profile 
in presence of the particle. 

Because the particle temperature is uniform, the temperature; 


profile near wall gets modified as shown in figure 3.2-1 (b) 


Thus the particle effectively decreases the heat transfer 
resistance. This mode of enhancement in heat transfer has 
heen considered in modelling of heat transfer in fluidized j 
"beds.,. [ Saxena and G-abor (18)] and is referred to as cond uct 
heat transfer. The contribution of this mode of heat transfe 
towards the total enhanced heat transfer in the time interval 
between entry and exit point of the particle (copper head) | 
infront of the heater surface is small in water hut it ! 

could he significant in air. However, this mode of transfer-; 
is lumped with the fluid convective transfer and no attempt' 
was made to separate it. j 
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The computed Q p values are tabulated in table 3.4 and two 

typical experimental recording are shown in photograph 3P-1 & 
3?~2. 

The nature of the response of the thermocouple may be 
interpret at ed as follows; 

As the copper bead entered the thermal boundary layer its 
temperature increased and the emf of the thermocouple 
increased. During its upward sweep more and more area of 
the bead got exposed to the thermal boundary layer which 
itself grew thicker from the point A onwards as shown in 
figure 3.2-1 (a). In addition to that, the effect of natural 
convection became more and more prominent as the bead moved 
away from the heated surface during its upward journey. 

That was why temperature of the bead continued to rise even 
after it had crossed the FSII and finally reached a steady 
value. As the position at which the bead was stopped was 
not very far from the FSH the bead continued to be in the 
plume of rising hot fluid and hence it remained at a higher 
temperature level than that of the bulk fluid. 

3.3 Evaluation of Q fc and compa rison of Q fc and _Q^ 

\ 

The fluid convective transfer term, waS computed 

from the difference between Q t and Q p (It may be pointed out 
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TABIE 3.4 

Experimental data of thermocouple reading for computing Q 

Jr 


f Avera ge of two runs? 


System 

Particle 
Distance from 
■wall in mm. 

Milli 

Volt 

reading 

in 10 - 3 

Temp . 
rise in 

10“ 2 °0 

Qp mill! 
Joules 


1 .25 

0.625 

1 .55 

1 .420 


0.75 

1 .25 

3.11 

2.390 

Air 

0.50 

2.00 

5.00 

3.844 


0.125 

4.00 

10.00 

7.678 


0.05 

6.55 

16.64 

12.490 

Water 

1 .00 

0.80 

2.00 

1 .54 


0.50 

1 .00 

2.50 

1 .92 

/ 

0.25 

3.00 

7.50 

5.76 


0.15 

4.00 

10.00 

7.69 
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that the way Q^ c was calculated it included the conductive 
term as well). Figure 3.6 and figure 3.7 shows the variation 
of , Q p and Q^ c with the particle distance from wall (FSH) 
for a.ir and water respectively. 

The relative contributions of Q p and Q^ e toward are 
tabulated in table 3.5. As expected, the value of Q p increased 
sharply as the distance between particle and the wall 
decreased. However, the fluid convective term increased 
rather gradually. It can be seen that beyond 1-1.5 particle 
diameter the particle will have no effect on the heat 
transfer from the wall. With decrease in distance between 
particle and wall both Q p and are expected to increase. 

The lower value of Q^ c observed in one reading (figure 3.6) 
may be attributed to the experimental error. As the film 
was susceptible to damage due to rubbing (by copper bead) 
such close distances were avoided in water where distance | 

adjustment was difficult due to refractive index of water. j 

' The final results show that the contribution of Q p [ 

towards is higher (65-73%) in ain while the contribution i 

of Q „ is almost 99% in water. ( 

10 f 

The findings are in accordance with the generally j 

'' j 

accepted views that the particle convective mechanism is j 

. . ' . ■■■ , .. ■ ... . . : ' ■ . ' ■ : . , . .. ■ • ' V ■ ' ' , : j 

dominent in air and fluid convective mechanism in water. | 


§ 
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TABLE 3.5 

Relative Contributions of Q p and Q| 0 . toward 


Air 


Q-t 

milli Joules 

0 % contri- 

P 

milli Joules bution of Q p 

. Q fc 

milli Joules 

2 x 10' 3 - 
3.25 x 10“ 3 

1.42 x10J 3 71% 

2.39 x 1°" 5 ' 73.5% 

-3 

0.58 x 10- 

0.86 x IQ" 3 
-3 

5.9 x 10~ 3 

3.844 x 10- 3 65% 

2.056 x 10 

-3 

11 .2 x 10 3 

7.678 x 10“ 3 68.5% 

3.522 x 10 

_3 

13.8 x 10~ 3 

12,49 x 10" 3 90 °% 

1 .31 x 10 


% contri- 


Q 


fc 


29% 

26 .5% 
35% 

31 .5% 
10 “% 


3.75 x 

10 2 

1 .54 x 10 3 

0.05% 

2 

3.73 x 10 

„^2 

4.42 X 

10 2 

1 .92 x 107 3 

0.05% 

4,401 x 10 

„^2 

8.775 x 10 2 

5.76 x 10- 3 

1 % 

5.7174 x 10 

2 

7.8895 

2 

x 10* 

7.69 x 10- 3 

1% 

7.8126 x 10 


99.5% 

99.5% 

99% 

99% 


Water 
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3*4 j^eff ici ent , conduction loss and pe rcent 

imp rovement in heal:,, tr ansfer 

To have an estimate of steady state heat transfer co- 
efficient from the PSH to the fluid a knowledge of steady 
state conductive losses through the substrate is required. 

This in turn, again needs a knowledge of back surface 
temperature (glass surface temperature) of the PSH. However, 
back surface temperature could not be determined after 
mounting the PSH with quickfix. Instead, the correlations 
available in literature were used for computing heat transfer 
coefficient and steady state convective heat transfer from 
the hot film surface to surrounding fluid was computed from 
the following equations 

q c (s) = h(s) , A (T f - T^) 

where h(s) = average steady state heat transfer co- 
efficient from the PSH to surrounding 
A . = area of the film 

m , = average film temperature ; 

f t j 

1 : = bulk fluid temperature. 

b ; ; 

The nature of ^he thermal boundary is such that the variation 
in temperature.-' is likely to be minoi in the vertical direction 



54 


Ihe average film temperature was determined from the following 
relation [ 4 ] ° 

R I = S 0 [1+ “ol’-'ol] 

where T = reference temperature at which resistance is R 
u o 

R = operating resistance 
T = operating temperature 

oc = temperature coefficient of resistance at the 
reference temperature G? 

The following correlation for short vertical plates [15 ] 
was used for computing the heat transfer coefficients ; 


where 

Nu = Fuss el t number 

Rr = Prandtl number 

G-r = Grashof number 

Once Q (s) was known Q k (s) was computed from equation 2.1. 
These values arc tabulated in table 5.6. The variations of 
heat transfer coefficient of the hot RSH (in this setup) with 
time due to particle movement arc shown in figure 3.8 and 
3.9 for air and water respectively. The transient heat 
transfer coefficient h(t) was calculated directly from the 

experimental data. 



1/2 

0.902 (Er) 

(0.861 + a?) 1 / 4 
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The percentage improvements in convective heat transfer 
from hot film due to particle movement were also computed at 
different particle to wall (PSH) distances "both for air and 
water systems. These arc tabulated in table 3.7 along with 
the particle Reynolds number for two systems. 



56 


TABLE 3.6 


Estimated Conductive and Connective losses 


System 

Room Tempe- 
rature °C 

ESH 

Temperature 

°C 

Steady 
state 
power 
input (W) 

Q k (s) 

(w) 

Q c (s) 

(w) 

Air 

17 

65 

0.49 

0.4454 

0.0446 

Water 

16 

23 

0.49 

0.1669 

0.3231 


TABLE 3.7 

Percent improvement in convective heat transfer 


System 

Particle dis- 
tance from -wall 
(mm) 


Q 0 (s) 

(Joules) 

Improv ed % 

Q Improvement 

\jF 

(Joules ) 

Air 

1.25 

0.0446 

X 

0.7 = 0.03122 

2 x 10" 3 6.41 

(Re= 

0.75 

0.0446 

X 

0.75= 0.03345 

3.25 x IQ" 3 9.72 

4.18) 

0.50 

0.0446 

X 

0.80= 0.03568 

5.9 x 10" 3 16.54 


0.125 

0.0446 

X 

0.90= 0.04014 

11.2 x 10" 3 27.90 


0.05 

0.0446 

X 

1,00= 0.0446 0 

13.8 x 10" 3 30.94 

Water 

1 .00 

0.3231 

X 

12.5 = 4.03875 

O.375 00 9.29 

(Re= 

0.50 

0.3231 

X 

13.2 = 4.26492 

0.44200 -jo.36 

62.36) 

0.25 

0.3231 

X 

15.5 = 4.94343 

0.5775° 11.68 


0.15 

0.3231 

X 

19 = 6.1389° 

0.78895 12.85 



Variation of average heat transfer coefficient 
with time due to particle movement in air 



Particle distance from wall inmm 



39 Variation of heat transfer coefficient with time due to particle movement 
in water 
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CHAPTER - 4 

CONCLUSION AHD SUCCESSIONS 
4 • 1 Conclusion of the present work 

A constant temperature film-sensor-heater and a mecha- 
nism for moving a particle with embedded thermocouple were 
developed. The enhencement in heat transfer, the nature of 
enhancement and the relative contributions of particle and 
fluid convective transfer terms toward the total transfer 
were studied in air and water for different particle to 
wall (transfer surface) distances. The particle convective 
transfer was found to be significant ( 65 - 13 %) in air medium 
while the fluid convective transfer was found to be the sole 
(99%) mode of transfer in water medium. 

The enhancement process continued quite for some time 
in water medium even after the particle had crossed over 
the transfer surface due to the inertial effect of water. 

In contrast to this, the enhancement in heat transfer rate 
in air medium ceased immediately after the particle had 
crossed over the transfer surface. Between the two systems 
air and water, enhancement process was always higher in 
air under the experimental conditions used in this work. 
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4 . 2 Successions for future work 

To gain more insight into the mechanism of heat transfer 
and to obtain correlations for predicting heat transfer co- 
efficients in fluidised beds extensive studies need to be 
conducted over wide range of variables like velocity, size 
and number of particles, particle to wall distances and film 
temperature, 

Erecise estimate ' of back surface temperature of the 
ESH should be made for computing steady state heat transfer 
coefficients from experimental data. The back temperature can 
be measured by coating platinum on the back side as well as 
measuring the resistance in the similar way as was^done for 
the front side. y| 

To simulate conditions similar to that in a fluidized 
bed developing boundary layer should be avoided and this can 
easily be achieved by arranging three heaters as shown in j 
figure 4.2-1 f 



Eig . 4.2-1. Suggested heater assembly. 
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Only the second heater need to he kept at constant mean 
temperature by negative feedback control mechanism. The 
other two guard heaters (1 and 3) should only be used to 
form a continuous thermal boundary layer. A flat thermal 
boundary layer can be obtained by proper choice of the 
width of the guard heaters. Spherical particles with low 
thermal conductivity value (hence negligible Q ) can also 

Jr 

be used in the present setup for computing GU C directly 
from the FSH response. 

As the platinum film is susceptible to damage during 
handling, a thin protective coating of Mg3? 2 or Si0 2 on 
the film is suggested. The FSH construction technique 
employed was tedeous and time consuming. Hence vapour 
deposition technique is suggested in the future work. 

Although this constant temperature 3?SH was developed 
for heat transfer study it will also find its application 
in shock tubes, wall shear stress measurements, animometry 
and resistance thermometry. 
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APPENDIX - 1 

Calculation for uniform temperature assumption justification 
of copper bead: 


Thermal conductivity of copper 
Specific heat of copper 
Density of copper 
Radius of head 


= 385.33 W/m.K 

= 385.2 J/Kg.K 

= 8.92 x 10 3 kg/m 3 

= 1 .75 x 10~ 3 m 


. . Thermal diffusivity = — _____ = 1.12 x 10 4 m 2 /s 

8.92 x ICTx 385.2 

As the residence time of head infront of the heater is 0.25 s. 

1 .12 x 10" 4 x 0.25 

Eo = “ — = 9.14 

(1.75 X 10 p r 

Hence Eo = 0.183 


Taking maximum heat transfer coefficient in water 
to he 2834.57 w/m 2 .k (500 Btes/ft 2 .hr °E) 


Bi 


2834.57 x 1.75 x 10 9 = 1 ,3 x 10' 
385.33 



